SUMMARY. Fresh market blueberry (Vaccinium sp.) sales require high-quality, firm fruit with no significant defects. A new phospholipid biofilm product was developed to reduce splitting and increase firmness when applied directly to blueberry fruit. Two trials were undertaken to test the effects of the biofilm using various application timings and methods. In highbush blueberry cultivar Elliott (Vaccinium corymbosum), four treatments included: 1) rate and timing on the current product label (5-to 10-mm berry size, 10% to 20% color change, and between the first and second harvests), 2) addition of a preharvest timing (5-to 10-mm berry size, 10% to 20% color change, and 7 to 10 days preharvest); 3) starting applications later (10% to 20% color change, 7 to 10 days preharvest, and between the first and second harvests), and 4) a water-sprayed control. Biofilm was applied at a rate of 2 qt/acre for all applications. In highbush blueberry cultivar Legacy (Vaccinium corymbosum · Vaccinium sp.), the same volume of biofilm was applied via an airblast sprayer or through an overhead sprinkler system typically used for chemigation and compared with a water-sprayed control. Data collected included yield (in 'Elliott'), berry weight, firmness, skin toughness, total soluble solids (TSS), weight loss during storage, percent splitting (in 'Legacy'), and a visual rating, evaluated on the day of harvest and about 14 and 28 days postharvest. There were no visual defects caused by application of biofilm. Compared with the controls in either study, biofilm had no consistent impact on fruit quality, firmness, shelf life, yield in 'Elliott', or splitting in 'Legacy'.
T he Pacific northwestern United
States is an important production region for northern highbush blueberry, with 25,300 acres in production in Oregon and Washington in 2016 (U.S. Department of Agriculture, 2017) . Of the total blueberry production, 34% (%80 million pounds) was sold to fresh markets, where fruit quality and shelf life are critical. In particular, firmness is an important aspect of fruit quality that is valued by growers, as it can extend the window of time in which fruit can be harvested, potentially allowing for machine harvest for fresh market and helping retain quality during shipping (Xu et al., 2015) . Firmness is also important to packers and consumers as an indicator of quality (Ehlenfeldt and Martin, 2002; Moggia et al., 2017) . However, a connection has been shown in rabbiteye (Vaccinium virgatum) and southern highbush (interspecific hybrids of Vaccinium sp.) blueberries between greater firmness and a greater incidence of fruit splitting (Marshall et al., 2008) .
Berry splitting hastens the process of desiccation and necrosis, increases the risk of postharvest fruit rot, and most often requires fruit either to be diverted from fresh to processed markets or can render the fruit completely unmarketable. In rabbiteye blueberry, splitting can reduce marketable yield by up to 20% in some cultivars (Marshall et al., 2006 (Marshall et al., , 2007 . The most commonly grown cultivars in the Pacific northwestern United States are northern highbush blueberry, which have a low incidence of splitting in this region due to little rainfall during the summer months.
'Legacy', a hybrid of northern and southern highbush blueberry (Vorsa, 1998) , has rapidly gained in popularity because of its high yield, desirable fruiting season, and excellent flavor. However, this cultivar has a greater tendency to split due its southern highbush heritage (Marshall et al., 2008) , especially after a rainfall or overhead irrigation event. Although 'Elliott' does not typically split in this region, it is less firm than many other commonly grown cultivars (Yang et al., 2009 ) and has been found to split in some other production regions such as southern Chile (B.C. Strik, personal observation).
The biofilm (Parka; Cultiva, Las Vegas, NV) was developed and patented by Oregon State University for use in sweet cherry (Prunus avium) to reduce fruit splitting (referred to as ''cracking'' in cherries) when applied preharvest (Kaiser et al., 2014) . The product is a wax-based, food-grade phospholipid biofilm applied to foliage and fruit intended to supplement the fruit's surface cuticle and allow for increased elasticity and reduced cracking. During initial testing, it also advanced maturity (increased TSS and color) in some cases (Kaiser et al., 2014 'Tifblue' and 'Brightwell' rabbiteye blueberry in Georgia, both of which experience high rates of splitting when it rains during fruit ripening, it reportedly reduced fruit splitting (Cultiva, 2018) ; no other fruit quality traits, such as firmness or berry size, were measured. In 2016, additional trials were performed with biofilm on 'Brightwell', where applications increased marketable fruit yield but did not impact fruit quality or shelf life; no splitting occurred in any treatment due to low rainfall that year (E. Smith, personal communication). The objectives of this study were to test the biofilm on two highbush blueberry cultivars commonly grown in the Pacific northwestern United States, Elliott and Legacy, to determine the impact on fruit quality. Timing and method of application were evaluated in two separate studies to determine best practices.
Materials and methods
Two experiments were conducted, the first to study the impact of application timing on the efficacy of the biofilm for increasing fruit firmness, berry size, and yield and the second to study the impacts of application method on treatment efficacy.
EXPT. 1. The trial was conducted in a mature 'Elliott' planting at the North Willamette Research and Extension Center (NWREC), Aurora, OR (lat. 45°28#N, long. 122°76#W). Plants were spaced 3 ft apart within the row, 10 ft between rows, and were drip irrigated with perennial grass planted in the aisles. Treatments were applied in a randomized complete block design with four replicates with at least one untreated buffer row between treatment rows and at least 10 ft between experimental plots to prevent spray drift from one treatment plot to the next. The tractor was stopped and the sprayer turned off immediately after each plot was treated to ensure that no spray would drift to another plot. Due to an existing trial on the impacts of nitrogen (N) fertilization rate, plants were fertilized with either 50 or 150 lb/acre N. Biofilm treatments were randomly assigned to plots receiving the fertilizer treatments within each block. Previous research in this field showed no differences in yield, berry weight, or firmness due to these differences in N fertilization (Strik and Buller, 2014) . There were 13 to 16 plants per plot, as plants had been removed from some plots in previous years. The number of plants was recorded and used to calculate yield per plant.
Three timings of application were evaluated in addition to a watersprayed control. Treatments were applied with an airblast sprayer (Rears Manufacturing, Coburg, OR) at a rate of 2 qt/acre biofilm in 50 gal/acre water on each application date. The active ingredients of the biofilm are not provided by the manufacturer, so all rates are given as rate of product. Timings included: 1) the label recommendation at the time of the study [''label'' (applications at 5-to 10-mm berry size, 10% to 20% color change, and between the first and second fruit harvests)]; 2) the addition of a preharvest timing [''early'' (applications at 5-to 10-mm berry size, 10% to 20% color change, and 7 to 10 d preharvest)]; and 3) starting applications later [''late'' (applications at 10% to 20% color change, 7 to 10 d preharvest, and between the first and second fruit harvests)]. The control was sprayed with water at every application date when treatments were applied, for a total of four applications. Table 1 shows the dates of treatment application and dates of fruit sampling or harvest. Treatments were applied when temperatures were below 85°F to prevent any possible phytotoxicity.
EXPT. 2. The trial was conducted in mature 'Legacy' at a large commercial blueberry farm located near Salem, OR (lat. 45°00#N, long. 122°56#W). Plants were spaced 3 ft apart within the row, 10 ft between rows and were drip irrigated with a perennial grass planted between the rows. An existing microsprinkler system, used by the grower for chemigation and evaporative cooling if necessary [15 gal/h sprinkler heads (Supernet; Netafim USA, Fresno, CA)], was used for this trial. Two methods of application were evaluated: 1) 2 qt/acre applied with an airblast sprayer (Rears Manufacturing) in 50 gal/acre water, 2) 2 qt/acre applied via the aforementioned microsprinkler system in 45 gal/acre water per minute with the system run for 15 ) applied at 5-to 10-mm (0.2-0.4 inch) berry size, 10% to 20% color change, and between the first and second fruit harvests], ''early'' (2 qt/acre applied at 5-to 10-mm berry size, 10% to 20% color change, and 7-10 d preharvest), ''late'' (2 qt/acre applied at 10% to 20% color change, 7-10 d preharvest, and between the first and second fruit harvests), and control (water sprayed) (n = 16)} and fruit sampling for highbush blueberry cultivars Elliott min, and 3) an untreated control (only water applied by airblast). Both treatments were applied four times: at 10% to 20% color change, 7 to 10 d preharvest, between the second and third fruit harvest, and between the third and fourth fruit harvest (Table 1) . Because the microsprinkler system had to be run in large blocks (over 4 acres), we were unable to replicate spray treatments. Each treatment block was at least 0.5 acre in size, and four 60-ft-long and 10-ft-wide sections (encompassing plants from both sides of a treated alley) of each block were preselected to serve as replicates for fruit sampling. The grower did not use the microsprinkler system for evaporative cooling in 2017 during our study. FRUIT HARVEST AND ANALYSIS. Fruit samples were harvested by hand just before each commercial harvest (three machine harvests of 'Elliott' and five hand harvests of 'Legacy'). Timing of harvest was determined using our experience with machineharvesting of 'Elliott' and by the grower for 'Legacy'. Fruit were picked into 170-g commercial polyethylene containers [''clamshells'' (Sambrailo Packaging, Watsonville, CA)] and analyzed on the day of harvest for berry weight, rating of fruit appearance, firmness, skin toughness, and TSS. Fruit appearance was subjectively rated on a 1 to 5 scale, with 1 being the least marketable and 5 being undamaged. All fruit harvested were considered marketable, but aesthetic ) applied at 5-to 10-mm (0.2-0.4 inch) berry size, 10% to 20% color change, and 7-10 d preharvest; ''Label'' = the current label recommendation of 2 qt/acre applied at 5-to 10-mm berry size, 10% to 20% color change, and between the first and second fruit harvests; ''Late'' = 2 qt/acre applied at 10% to 20% color change, 7-10 d preharvest, and between the first and second fruit harvests.
x NS indicates not significant at the P < 0.05 level. Actual probability values provided where P < 0.1 to show potential trends in the data. Table 3 . Results of analysis of variance for the impact of biofilm treatment {''label'' [2 qt/acre (4.7 LÁha
L1
) applied at 5-to 10-mm (0.2-0.4 inch) berry size, 10% to 20% color change, and between the first and second fruit harvests], ''early'' (2 qt/ acre applied at 5-to 10-mm berry size, 10% to 20% color change, and 7-10 d preharvest), ''late'' (2 qt/acre applied at 10% to 20% color change, 7-10 d preharvest, and between the first and second fruit harvests), and control (water sprayed) (n = 16)} on fruit quality parameters for three machine harvests of northern highbush blueberry cultivar Elliott (Expt. x NS indicates not significant at the P < 0.05 level. Actual probability values provided where P < 0.1 to show potential trends in the data.
w Means followed by the same letter are not significant different as determined by analysis of variance using Tukey's honestly significant difference test (P > 0.05). TSS = Total soluble solids; NA = not applicable. Control = water sprayed at each date of application; ''Early'' = 2 qt/acre (4.7 LÁha -1 ) applied at 5-to 10-mm (0.2-0.4 inch) berry size, 10% to 20% color change, and 7-10 d preharvest; ''Label'' = the current label recommendation of 2 qt/acre applied at 5-to 10-mm berry size, 10% to 20% color change, and between the first and second fruit harvests; ''Late'' = 2 qt/acre applied at 10% to 20% color change, 7-10 d preharvest, and between the first and second fruit harvests. defects such as spotting caused by product application, soft fruit, or splitting (in 'Legacy') could contribute to a lower rating. Ten randomly selected berries per experimental unit were used to determine average berry weight and skin toughness [method described in Vance et al. (2017) (Correx 50-g tension gauge; Wagner Instruments, Greenwich, CT)]. These same berries were homogenized to measure TSS using a Palette temperature-compensating digital refractometer (Atago USA, Bellevue, WA). Firmness and berry diameter were measured on 25 berries randomly selected per experimental unit using a fruit firmness tester (FirmTech 2; BioWorks, Wamego, KS). In 'Legacy', the number of split berries out of these 25 was recorded and percent split berries calculated. There were no split berries found in 'Elliott'. In 'Elliott', machine-harvested yield per plot was measured and divided by the number of plants per plot to determine yield per plant. Cumulative yield was determined by adding the yield per plant from each of three harvests. Total plant yield was not measured in 'Legacy' but was considered commercially acceptable according to grower records.
STORAGE. The impact of treatments on fruit storage (''shelf life'') was assessed on additional clamshells that were kept in a walk-in cooler maintained between 34 and 37°F for the duration of storage at the NWREC. Samples were analyzed at 2 and 4 weeks after harvest for the same parameters described previously, as well as for percent moisture loss, determined by weighing the clamshell before and after storage. For 'Legacy', separate samples were stored in the same cooler at NWREC and in the grower's cooler facility that was maintained between 32 and 34°F.
DATA ANALYSIS. Data were analyzed using PROC MIXED (SAS, version 9.3; SAS Institute, Cary, NC) for a randomized complete block design. Mean comparisons were performed using Tukey's honestly significant difference test. Since different clamshells were analyzed at each storage date; use of repeated measures was not appropriate. PROC UNIVARIATE and the Shapiro-Wilk procedure were used to assess normality of the data. Log transformations were applied where appropriate to improve homogeneity of variance and data were back transformed for presentation.
Results and discussion
EXPT. 1. There was no consistent impact of biofilm on any measured parameter, including yield (Table 2) or fruit quality, before and after storage (Table 3) . When there was a significant treatment effect on a trait (such as skin toughness on harvest 1 after 2 weeks of storage), the effects were not consistent across harvests or storage times (harvest 1 data are shown in Table 4 ; data not shown for other harvests). There was no effect of biofilm on fruit appearance rating, positive ] on fruit quality parameters for five hand harvests of highbush blueberry cultivar Legacy (Expt. 2) on the day of harvest and two subsequent storage dates at a grower collaborator site (Salem, OR).
Harvest no. or negative, from any treatment (harvest 1 data are shown in Table 4 ; data not shown for other harvests). As expected, there was no berry splitting in 'Elliott'. During storage, TSS increased as berry weight decreased from moisture loss, whereas skin toughness and firmness generally declined from the day of harvest to 4 weeks in storage (Fig. 1) . Berry weight and firmness were greatest on the first harvest and decreased slightly with each subsequent harvest, whereas TSS increased slightly (Fig.  1) . After 4 weeks of storage, TSS was similar among all harvest dates.
'Elliott' has a long fruit development period, from late April to midAugust, relative to early-season cultivars such as Duke, which develops from late April to late June. Given the intended timing of biofilm applications at certain growth stages, there was a 2-monthlong period between the first and second application (in the ''early'' and ''label'' treatments that were first applied at 5-to 10-mm berry size), but only 9 to 10 d between the other applications. It is possible that with additional applications during the early fruit developmental stage, the biofilm may have an impact on firmness or other fruit quality characteristics.
EXPT. 2. As in Expt. 1, there was no consistent impact of biofilm on 'Legacy' fruit when applied via an airblast or an overhead microsprinkler system when compared with the control (Table 5 ). Storing fruit in the grower cold storage facility did not result in any different findings than when stored in the NWREC cooler. Table 6 shows an example of measured fruit quality parameters and lack of consistent treatment effects from the fifth harvest.
There were no split berries in the first and second harvest of 'Legacy', but the incidence of splitting increased from the third (16% of the 25-berry sample) to the fourth (28%) and fifth harvests (41%). There was very little precipitation after mid-June: 0.3 mm on 17 July and 2.3 mm on 13 Aug. and no other rainfall until after the final 'Legacy' harvest (U.S. Department of Interior, 2017) The third harvest occurred just before the 13 Aug. rainfall event, indicating that splitting was not only due to rainfall but to other physiological and morphological factors, as discussed by Marshall et al. (2008) in blueberry and Kaiser et al. (2014) in sweet cherry.
Average berry weight declined with each harvest and decreased slightly during storage for all but the first harvest, for which berry weight was maintained during storage ( Fig.  2C ) and moisture loss was less than in fruit from subsequent harvests (data not shown). Fruit were relatively firm (over 200 gÁmm -1 deflection) throughout the harvest season and after storage. Similarly, skin toughness was consistent during storage, with the first and second harvests having tougher skin than later harvests (Fig. 2) .
The application of biofilm at various developmental stages through either an airblast sprayer or microsprinklers was not successful in altering blueberry fruit quality traits in 'Elliott' or 'Legacy' or reducing splitting in 'Legacy'. If the product is not effective through an airblast sprayer, which provides thorough coverage to the bushes, it is not likely to be effective through a sprinkler, which does not have the force to penetrate the full mature blueberry canopy. Further testing would be necessary to determine whether applications earlier in the developmental process, or perhaps a different product formulation, could have an impact on fruit quality and splitting.
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